Matrix metalloproteinases (MMP) and their tissue inhibitors (TIMP) are involved in a variety of physiologic growth and development and pathophysiologic inflammatory conditions. We hypothesized that 1) MMP-2 and -9 plasma activities and TIMP-1 and -2 plasma concentrations in preterm and term neonates were dependent on the gestational and postnatal age; and 2) the respective MMP and their inhibitors were deranged in the development of bronchopulmonary dysplasia (BPD) and intraventricular hemorrhage (IVH) in preterm neonates. From 1998 to 1999, blood samples were collected from preterm neonates (25-36 wk gestation) with or without BPD and/or IVH as well as from healthy term (37-40 wk gestation) neonates during the first 28 d of life. MMP-2 and MMP-9 plasma activities were measured by zymography; TIMP-1 and TIMP-2 plasma concentrations were determined by ELISA. In neonates without BPD or IVH (n ϭ 50), MMP-2 and MMP-9 plasma activities both appeared to be gestational age dependent, with the highest levels observed in neonates of 33-36 wk gestation. TIMP-1 plasma concentration was highest in term neonates but no gestational difference was found in TIMP-2. Only MMP-9 showed a 50% decrease after d 1 in the first postnatal month. Twelve preterm infants with BPD and/or IVH had significantly lower MMP-2 but higher MMP-9 activity and higher TIMP-1 concentration than those of corresponding neonates without BPD or IVH. These findings show the gestational age-dependent expression of plasma MMP activities and their inhibitors. MMP and TIMP may be involved in the feto-neonatal development and may contribute to the pathogenesis of BPD and/or IVH in critically ill preterm neonates. MMP are a group of zinc-dependent endopeptidases involved in the process of tissue remodeling through the degradation of the ECM. Tissue remodeling occurs in various physiologic conditions, such as embryogenesis and wound healing, as well as in pathologic conditions, including inflammatory diseases, tumor cell invasion, and angiogenesis (1). Among the MMP, MMP-2 (gelatinase A: pro-enzyme, 72 kD, constitutive) and MMP-9 (gelatinase B: pro-enzyme, 92 kD, inducible) are of particular interest because of their novel roles other than tissue remodeling. Recently, MMP-2 has been found to play a role in acute disease processes such as platelet aggregation (2), the regulation of vascular tone (3), and myocardial dysfunction after ischemia-reperfusion (4). Whereas both MMP-2 and MMP-9 are activated through proteolytic cleavage and/or oxidative stress (5), the proteolytic function of MMP is at least in part inhibited by tissue inhibitors of MMP (TIMP) (6). Thus, imbalances between MMP and TIMP may result in an increased proteolytic activity and therefore promote the progression of pathologic conditions such as inflammatory and myocardial diseases (1, 4) and intracerebral hemorrhage (7).
Matrix metalloproteinases (MMP) and their tissue inhibitors (TIMP) are involved in a variety of physiologic growth and development and pathophysiologic inflammatory conditions. We hypothesized that 1) MMP-2 and -9 plasma activities and TIMP-1 and -2 plasma concentrations in preterm and term neonates were dependent on the gestational and postnatal age; and 2) the respective MMP and their inhibitors were deranged in the development of bronchopulmonary dysplasia (BPD) and intraventricular hemorrhage (IVH) in preterm neonates. From 1998 to 1999, blood samples were collected from preterm neonates (25-36 wk gestation) with or without BPD and/or IVH as well as from healthy term (37-40 wk gestation) neonates during the first 28 d of life. MMP-2 and MMP-9 plasma activities were measured by zymography; TIMP-1 and TIMP-2 plasma concentrations were determined by ELISA. In neonates without BPD or IVH (n ϭ 50), MMP-2 and MMP-9 plasma activities both appeared to be gestational age dependent, with the highest levels observed in neonates of 33-36 wk gestation. TIMP-1 plasma concentration was highest in term neonates but no gestational difference was found in TIMP-2. Only MMP-9 showed a 50% decrease after d 1 in the first postnatal month. Twelve preterm infants with BPD and/or IVH had significantly lower MMP-2 but higher MMP-9 activity and higher TIMP-1 concentration than those of corresponding neonates without BPD or IVH. These findings show the gestational age-dependent expression of plasma MMP activities and their inhibitors. MMP and TIMP may be involved in the feto-neonatal development and may contribute to the pathogenesis of BPD and/or IVH in critically ill preterm neonates. MMP are a group of zinc-dependent endopeptidases involved in the process of tissue remodeling through the degradation of the ECM. Tissue remodeling occurs in various physiologic conditions, such as embryogenesis and wound healing, as well as in pathologic conditions, including inflammatory diseases, tumor cell invasion, and angiogenesis (1) . Among the MMP, MMP-2 (gelatinase A: pro-enzyme, 72 kD, constitutive) and MMP-9 (gelatinase B: pro-enzyme, 92 kD, inducible) are of particular interest because of their novel roles other than tissue remodeling. Recently, MMP-2 has been found to play a role in acute disease processes such as platelet aggregation (2), the regulation of vascular tone (3), and myocardial dysfunction after ischemia-reperfusion (4). Whereas both MMP-2 and MMP-9 are activated through proteolytic cleavage and/or oxidative stress (5), the proteolytic function of MMP is at least in part inhibited by tissue inhibitors of MMP (TIMP) (6) . Thus, imbalances between MMP and TIMP may result in an increased proteolytic activity and therefore promote the progression of pathologic conditions such as inflammatory and myocardial diseases (1, 4) and intracerebral hemorrhage (7) .
Both term and preterm neonates have to undergo various adaptive processes to environmental conditions ex utero, including an enhanced oxidative stress. However, the organ systems of preterm neonates may have not sufficiently developed to encounter conditions ex utero. There is no information regarding the developmental and postnatal changes of MMP and TIMP during the feto-neonatal period in humans. We therefore investigated normative values for MMP-2 and MMP-9 and their inhibitors-TIMP-1 and TIMP-2 in preterm and term neonates and the respective relationship with gesta-tional age and in the early postnatal period. Preterm neonates have a diminished antioxidant capacity (8) and the postnatal exposure to high concentrations of reactive oxygen species in critically ill neonates may promote the development of "oxygen radical disease in neonatology" (9) , which includes BPD and IVH. We speculated that MMP might play a role in the pathophysiological process of BPD and/or IVH via their actions on the remodeling of the ECM, vasomotor regulation, and platelet aggregation. Therefore, in this study we also investigated MMP-2 and MMP-9 and TIMP-1 and TIMP-2 in the development of BPD and IVH in preterm neonates. We hypothesized that 1) MMP-2 and -9 plasma activities and TIMP-1 and -2 plasma concentrations in preterm and term neonates were dependent on the gestational and postnatal age; and 2) the respective MMP and their inhibitors were deranged in the development of BPD and IVH in preterm neonates.
MATERIALS AND METHODS
The study received approval from the Health Research Ethics Board, University of Alberta.
Patient enrollment. Between October 1998 and August 1999, after informed parental consent, patients admitted to the neonatal intensive care unit at the Royal Alexandra Hospital, Edmonton, Canada, were enrolled into the study.
The patients were divided into four groups according to their gestational age as assigned by the obstetric assessment: group I (25-28 wk gestation), group II (29 -32 wk gestation), group III (33-36 wk gestation), and group IV (37-40 wk gestation). The majority of patients were admitted for observation (group IV), prematurity, and hyaline membrane disease (groups I, II, III) and required short hospital stay. Preterm neonates (Յ32 wk gestation) who subsequently developed BPD and IVH were analyzed separately. BPD was diagnosed as the requirement of oxygen therapy at 28 d of postnatal age with radiologic evidence of chronic lung disease (10) . Oxygen therapy was given and adjusted to achieve oxygen saturation between 88% and 92% by pulse oximetry (Nellcor Inc., Hayward, CA, U.S.A.). IVH was diagnosed using cranial ultrasonography, which was performed at least once in the first 2 wk of life, and classified according to Papile's classification (11) . These patients were then matched with patients within 2 wk limit difference in gestational age admitted during the study period, and diagnosed with the aforementioned conditions but not BPD or IVH.
Patients with sepsis (documented positive blood cultures), cardiovascular compromise (hypotension with mean arterial pressure Ͼ2 SD below normative mean for gestational age), and multiple organ failure were excluded. Demographic characteristics, including birth weight, gestational age, gender, cesarean section, use of antenatal steroids, Apgar score at 1 and 5 min of life, were recorded as well as the lowest platelet count, the duration of hospital stay, and oxygen therapy.
Sample collection. Whole venous or arterial blood samples (100 L) were collected in 3.15% tri-sodium citrate solution (9:1, v:v) on d 1, 3, 7, 14, and 28 of hospitalization in conjunction with routine blood work. The blood samples were immediately centrifuged (1700 ϫ g, 10 min at 4°C) and the plasma was removed and stored at Ϫ80°C until further processing.
Measurement of MMP-2 and MMP-9 plasma activities. Gelatinolytic activities of plasma MMP were examined by zymography. The samples were mixed with SDS sample buffer and subjected to 8% polyacrylamide separating gels containing gelatin (2 mg/mL, Sigma Chemical, St. Louis, MO, U.S.A.). The supernatant of human fibrosarcoma HT 1080 cells (American Type Culture Collection, Manassas, VA, U.S.A.) was used as a standard for MMP. After electrophoresis, the gels were washed with 2.5% Triton X-100 and incubated overnight at 37°C in 50 mM Tris-HCl buffer (0.15 M NaCl, 5 mM CaCl 2 , 50 mM Tris HCl, and 0.05% NaN 3 , pH 7.6). Gelatinolytic activities were visualized as transparent bands against a blue background through staining with Coomassie Blue (72 and 92 kD for MMP-2 and -9, respectively, and 64 kD for the active proteolyzed form of MMP-2). In this study, we did not identify any gelatinolytic activity at 64 kD. Photographs of the zymograms were scanned using a ScanJet scanner (Hewlett Packard, Palo Alto, CA, U.S.A.). The intensity of the digitalized bands was analyzed by SigmaGel measurement software (Jandel Scientific, San Rafael, CA, U.S.A.) and MMP activity was calculated per amount of protein. The plasma protein concentration was assessed by bicinchoninic acid assay (Sigma Chemical) using BSA as a standard.
Determination of TIMP-1 and TIMP-2 plasma concentrations. TIMP-1 and TIMP-2 plasma concentrations were determined by commercially available enzyme immunoassays (Oncogene Research Products, affiliated with Merck, Darmstadt, Germany). The samples were pipetted into wells containing a specific antibody to TIMP-1 or TIMP-2, respectively. Unbound material was then washed away, followed by addition of a horseradish peroxidase conjugated to either TIMP-1 or TIMP-2 antibodies. After incubation and another washing step, a chromogenic substance (tetramethylbenzidine) was added to the wells, which was converted through horseradish peroxidase from a colorless to a blue solution turning yellow upon addition of stopping reagent. The intensity of color is proportional to the amount of TIMP-1 or TIMP-2 protein in the sample. Quantification of the reaction product was achieved by measuring the absorbance at 450 and 595 nm using a spectrophotometer. The concentration of TIMP-1 or TIMP-2 was determined by interpolation from a standard curve.
Statistics. Data are expressed as mean Ϯ SD. The results between different gestation groups were analyzed using either one-way ANOVA or one-way ANOVA on ranks, for parametric and nonparametric variables, respectively. Fisher's LSD and Dunn's tests were then used for posthoc testing when required. To analyze the differences between those neonates with BPD and IVH (Group A) and their gestation-matched controls (Group B), t or rank sum tests were used. Differences between proportions were analyzed by z test or ANOVA as appropriate. Results were considered significant at p Ͻ 0.05.
RESULTS
During the study period, 65 patients were enrolled. Among these, three patients were excluded because of blood culture 795 PLASMA MMP AND TIMP IN NEONATES positive sepsis. Incomplete samples were collected for all time points after d 3 of life due to early discharge of healthy neonates. Among the enrolled patients, 50 did not develop BPD or IVH, and their clinical characteristics are shown in Table 1 .
During the study period, a total of 12 preterm patients (19%) were enrolled and subsequently developed BPD and/or IVH during hospitalization. Among these, four patients had BPD and four other neonates had IVH alone. Four patients in this group were diagnosed with both conditions. Three patients had grade 3 or 4 IVH, five had grade 2 or 1 IVH. Their characteristics are shown in Table 2 .
Developmental changes in neonates (25-40 wk gestation) without BPD or IVH. The MMP-2 plasma activity in neonates without BPD or IVH appeared to peak at 33-36 wk gestation. Patients of 33-36 wk gestation had the highest MMP-2 plasma activity from d 1 (Fig. 1A, 1B ) through d 7, whereas MMP-2 plasma activity of patients of 37-40 wk gestation was significantly lower than that of preterm neonates (29 -32 and 33-36 wk gestation) (d 3: 16 Ϯ 4, 20 Ϯ 7, 22 Ϯ 8, and 7 Ϯ 5 arbitrary units/mg protein of groups I, II, III, and IV, respectively, p Ͻ 0.05; d 7: 19 Ϯ 6, 15 Ϯ 5, and 24 Ϯ 10 arbitrary units/mg protein of groups I, II, and III, respectively, p ϭ 0.05). No significant differences were found between gestational age groups in the plasma samples of d 14 and d 28 in these neonates. We also observed that MMP-9 plasma activity followed a pattern similar to MMP-2, revealing the highest levels of MMP-9 activity in neonates who were born at 33-36 wk gestation. The MMP-9 plasma activity was significantly higher in these neonates than in any other groups on d 1 (Fig. 1C) The TIMP-1 plasma concentrations in neonates without BPD or IVH were significantly elevated on d 1 only in neonates of 37-40 wk gestation ( Fig. 2A ) compared with those of neonates of 29 -32 wk gestation. On the other hand, we did not find any significant differences between gestational age groups in TIMP-2 plasma concentration on d 1 (Fig. 2B) or on any following day during the observation period.
Postnatal changes in preterm neonates (25-36 wk gestation) without BPD or IVH. Due to the short hospital stay of term neonates, we were unable to study the postnatal changes of MMP and TIMP in neonates of 37-40 wk gestation (group IV). MMP-2 plasma activity in preterm neonates (group I-group III) did not show postnatal changes during the observation period of the first 28 d of life (Fig. 3A, 3B) . A 50% decrease of MMP-9 plasma activity in these patients was observed after d 1 (Fig. 3C) . MMP-9 plasma activity on d 1 was more than 2-fold compared with that of subsequent postnatal age, but the differences were not statistically significant (p ϭ 0.08, ␤ ϭ 0.67). We did not find any Values are given as means Ϯ SD, percentages, or median (interquartile range).
HMD, hyaline membrane disease; IUGR, intrauterine growth retardation. 796 significant postnatal changes in the plasma concentrations of TIMP-1 and TIMP-2 (Fig. 4, A and B) . MMP and TIMP in neonates with BPD and/or IVH. Twelve neonates with BPD and/or IVH (group A) were matched with 12 neonates without BPD and IVH (group B) according to their gestational age (Յ2 wk limit) during the study period. There were no significant differences between the groups regarding the clinical characteristics other than the gestational age and duration of oxygen therapy ( Table 2) .
The MMP-2 plasma activity on d 1 was significantly lower in 12 neonates who were diagnosed with BPD and/or IVH when compared with the gestation-matched neonates without BPD or IVH (Fig. 5A , 5B) and the trend persisted until d 14 (d 7: 13 Ϯ 4 versus 16 Ϯ 5 arbitrary units/mg protein of the matched controls, p ϭ 0.06, ␤ ϭ 0.61; d 14: 13 Ϯ 4 versus 20 Ϯ 5 arbitrary units/mg protein of the matched controls, p Ͻ 0.05). In contrast, MMP-9 plasma activity was found to be higher in these critically ill preterm neonates on the first day of life (Fig. 5C) . Determination of MMP-9 plasma activity on d 3 and d 7 also showed significant elevations (d 3: 152 Ϯ 248 versus 17 Ϯ 24 and d 7: 97 Ϯ 107 versus 21 Ϯ 20 arbitrary units/mg protein of neonates without BPD or IVH, respectively). No differences in MMP-9 plasma activities between the two groups were observed after 14 d of postnatal life.
The TIMP-1 plasma concentration on d 1 in neonates with BPD and/or IVH was higher than that of gestation-matched neonates without these conditions (p ϭ 0.05) (Fig. 6A) , the 
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PLASMA MMP AND TIMP IN NEONATES differences became not significant by d 7 and thereafter (data not shown). There were no differences observed between these two patient groups in terms of TIMP-2 plasma concentrations during the first 28 d of life (Fig. 6B) .
The determination of MMP-2, MMP-9 plasma activities and TIMP-1 plasma concentration in neonates who developed BPD and/or IVH did not show significant postnatal changes over time. TIMP-2 plasma concentration was found to be slightly higher on d 7 in these neonates (p ϭ 0.08, ␤ ϭ 0.8).
DISCUSSION
This is the first report on normative data for MMP-2 and MMP-9 plasma activities and the plasma concentration of their inhibitors TIMP-1 and TIMP-2 in neonates of gestational age 25-40 wk. We observed 1) developmental differences between gestational age groups with the highest MMP-2 and MMP-9 plasma activities in neonates born at 33-36 wk, and TIMP-1 plasma concentration in term neonates; 2) during the first month of life, MMP-2 plasma activity and TIMP-1 and TIMP-2 plasma concentrations did not reveal changes over time, whereas MMP-9 plasma activity showed a substantial 50% decrease after postnatal age d 1; and 3) compared with that of neonates without BPD or IVH, neonates who subsequently developed BPD and/or IVH had lower MMP-2 but higher MMP-9 plasma activities, and higher TIMP-1 plasma concentration during the first postnatal week.
Developmental changes of MMP-2 and MMP-9 plasma activities and TIMP-1 and TIMP-2 plasma concentrations. During feto-neonatal development, MMP play an important role in the tissue growth and morphogenesis through their 
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ability to degrade the ECM (12) . MMP allow cells to migrate and influence cell behavior through the alteration of the ECM. For instance, the process of angiogenesis requires endothelial cells to invade the ECM and endothelial migration has been shown to be impaired in vitro when MMP were inhibited (13) . MMP also control the activation and inhibition of various mediators by proteolytic cleavage. Transforming growth factor ␤, which plays a role in fetal development, is cleaved in vitro by both MMP-2 and MMP-9 (14) . MMP-9 has been located in neurites and seems to influence the development of the nervous system (15) . High levels of MMP-9 were also found in preosteoclasts that take part in the endochondral ossification of cartilage (16) .
Our findings demonstrated a gestational age-dependent increase of MMP-2 and MMP-9 plasma activity in neonates, peaking just before term pregnancy (37-40 wk). By this, near term-gestation neonates have relatively mature tissue growth and morphogenesis in the feto-neonatal development although further tissue development continues for months to years after birth. In contrast, TIMP-1 plasma concentration was found to be highest in term neonates. Although the significance is not clear, elevated TIMP-1 plasma concentrations may be in response to the high MMP-9 plasma activity. Despite the theoretical basis of the changes in MMP activities on the fetoneonatal development, the apparent gestational age-dependent effects may also be related to the premature pregnancy and delivery.
Postnatal changes of MMP-2 and MMP-9 plasma activities and TIMP-1 and TIMP-2 plasma concentrations. A substantial 50% decrease of MMP-9 plasma activity was observed after d 1 in preterm neonates of 25-36 wk gestation. The mechanism is unknown. Because MMP may be activated through oxidation (5), we speculate that postnatal adjustment from a relatively hypoxic condition in utero to higher oxygen levels ex utero may at least in part explain elevated MMP-9 plasma activity on d 1. Preterm neonates are particularly at risk for the perinatal oxidative stress because of their lower antioxidant capacity than that of term neonates (8, 9) . Lemke et al. (17) recently reported a surge of MMP-9 activity in rat lung tissue immediately after birth. Furthermore, MMP-9 may also be produced in inflammatory cells upon the stimulation of various mediators. Indeed, inflammatory mediators, such as IL1-␤, IL-6, and tumor necrosis factor-␣, are increased during the perinatal period (18) .
Interestingly, MMP-2 plasma activity as well as the concentrations of TIMP-1 and TIMP-2 showed no significant changes in their postnatal profile during the first month of life despite the ongoing process of growth and organ maturation. This is consistent with the observation by Lemke et al. (17) . The postnatal growth and development of organs such as kidney, brain and lung takes months and years. Larger sample numbers and a prolonged course of investigation are therefore required for the evaluation of the role of MMP and TIMP in postnatal growth and development.
Pathologic differences of MMP-2 and MMP-9 plasma activities and TIMP-1 and TIMP-2 plasma concentrations. To our knowledge, our study was the first attempt to investigate the role of MMP and their tissue inhibitors in the pathogenesis of IVH. The confounding effects of gestational age on the patients with BPD and/or IVH (1.7 wk younger than the matched group B) are possible and may indeed contribute to the lower MMP-2 plasma activity. However, in contrast to the gestational age-dependent effects on MMP-9, patients with BPD and/or IVH had significantly higher MMP-9 plasma activities than those without BPD and/or IVH. After birth, critically ill preterm neonates are exposed to oxidative stress and their antioxidant capacity is diminished. This may cause tissue injury and lead to "oxygen radical disease of neonatology," which includes BPD, IVH, retinopathy of prematurity, and necrotizing enterocolitis (8, 9, 19) . The progression of BPD is characterized by extensive tissue remodeling of the ECM as well as the disruption of the basement membrane, resulting in increased vascular permeability and edema in the early stage. Although the local MMP-2 and MMP-9 activities were variable as sampled from the bronchoalveolar fluid (20) , the respective plasma concentrations were not examined. Intracranial hemorrhage is a common complication in preterm infants (11) and involves both vascular and platelet lesions as well as hypoxia-reoxygenation injury (19) . Because MMP-2 and MMP-9 are involved in the stabilization of the ECM, the regulation of vasomotor tone, and platelet aggregation, we speculate, based on our current findings, that they are related to the development of IVH. Indeed, Power et al. (7) recently reported elevated MMP-9 expression on d 1 in a rat model of intracerebral hemorrhage. Inhibition of MMP is achieved through the formation of complexes with the active and zymogen forms of the enzymes (21). Our observations support the role of MMP and their inhibitors in the development of BPD and IVH in critically ill preterm infants. Indeed, lower MMP-9/TIMP-1 ratio has been shown to be positively correlated with the progression from acute respiratory distress syndrome to lung fibrosis (22) . Interestingly, the elevated MMP-9 plasma activity and TIMP-1 plasma concentration during the first week of life preceded the conventional diagnosis of BPD at 28 d of life.
Limitations. The small number of patients in this pilot study limited the design including the stratification of gestational age groups and a small number of relatively healthy patients in the group of 25-28 wk gestation. This factor also precludes us from performing more detailed analysis of the results. Due to ethical and practical reasons on blood sampling, we were unable to obtain consecutive samples for all enrolled patients at all time points of postnatal age. Therefore, incomplete results on MMP and TIMP at different postnatal ages could be confounded by the gestational ages of the patients at different time periods. Also, a more vigorous matching of patients could not be achieved for a proper investigation of the role of MMP plasma activities and TIMP plasma concentrations in the development of BPD and/or IVH. Nonetheless, we believe the observations in this pilot study are important and original and deserve further detailed studies on the changes of plasma MMP and their inhibitors as well as their respective roles in fetoneonatal development in a large population.
MMP-2 and MMP-9 activities were measured under in vitro conditions and these results may not represent their actual activities in vivo. In addition, we determined total levels of MMP-2 and MMP-9 plasma activity, which includes the active enzyme, the pro-enzyme, and also MMP that are bound to TIMP. Therefore, our results do not allow us to make any conclusions about the net activity of the enzymes in vivo. Similarly, the interpretation of the TIMP-1 and TIMP-2 results requires caution as the ELISA technique measures both free TIMP and TIMP bound to MMP. We also have to take into account that our measurements were done in plasma and may not directly reflect enzyme activity at tissue level.
